Addendum: "Stress measurements in silicon devices through Raman spectroscopy: Bridging the gap between theory and experiment" [J. Appl. Phys. 79, 7148 (1996) This paper provides a detailed description explaining how to calculate the relation between the silicon Raman frequency and local stress or strain in the silicon, applied to stress measurements in microelectronics. This relation is well known for measurements from the (100) surface of silicon. However, it is often used in the wrong way, neglecting non-zero stress tensor elements. Especially, in current 3D microelectronics technology, where the stress caused by through Si vias or microbumps is of large importance, the vertical stress component, which highly affects the measured Raman frequency shift, is often erroneously neglected. In addition, the equations for the (100) surface are also often used incorrectly for cross-sectional measurements from a (110) surface. In this paper, different ways to calculate the relation between Raman frequency and triaxial stress, and the related Raman peak intensities, are discussed in detail. V C 2015 AIP Publishing LLC.
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I. INTRODUCTION
Device scaling is one of the main drivers to increase the performance of electronic systems. But in addition to scaling, also 3D-system integration is under development. 3D technology requires several non-standard processing steps such as the fabrication and filling of high aspect-ratio through-silicon vias (TSVs) and the thinning and stacking of chips. Several of these steps raise concerns about mechanical stresses. The Cu or W inside the TSVs is known to be under tensile stress. This stress not only affects the performance of nearby devices, but it can also cause reliability problems in the BEOL layers (e.g., Cu pumping 1 ) or affect the isolation and barriers surrounding the TSV. Also, chip-package-interaction (CPI), with mechanical stress as the main problem, is getting increasing attention. The stress field near an interconnection bump located at one side of a thinned chip can affect the transistors located on the other side. In addition, any bending of this chip will change the local stress levels. 2 Because these stresses are located at micron scale dimensions, Raman spectroscopy is the ideal technique to study it.
Several recent publications indeed correlate microRaman spectroscopy (lRS) results measured in the Si near TSVs or micro-bumps with results from models and electrical measurements. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Nearly, all these studies, with a few exceptions, 9, 11, 13 however have one assumption in common: They neglect the stress component along the length axis of the TSV in their calculation of stress from the Raman frequency shift and assume uniaxial or biaxial stress in the Si surface plane. This assumption has to be applied with care: It is often incorrect and can lead to erroneous conclusions. In addition, some of the studies use relations that were derived for backscattering experiments from a (100) Si surface to analyse measurements performed on a cross-sectional (110) surface. Also, this is incorrect.
It is in general as good as impossible to obtain, in a simple way, information on all stress or strain tensor components from Raman spectroscopy measurements. A possible approach is to use an analytical model or finite element modelling (FEM) to predict the strain tensor elements in the silicon and then calculate the expected Raman shift taking into account all the stress/strain tensor elements. This "predictive Raman spectroscopy" approach was originally developed for Si isolation structures 14 and was successfully applied to Cu TSVs [9] [10] [11] 13, 15, 16 but can be very time-consuming. It also does not offer easy insight into the various stress components. For this reason, it remains important to deduce simple analytical relations between Raman frequency and stress tensor components, using a limited amount of assumptions.
This paper is an extension of our previous published work on this topic 14, 17, 18 and of publications from Anastassakis et al. [19] [20] [21] [22] [23] It elaborates on the methodology, clarifies it, and extends it to the case of triaxial stresses. The calculations are presented in a step-by-step way, and various approaches are discussed and compared.
The paper is organised in several parts. First, the basic theory relating the measured Raman frequency with local mechanical stress or strain is summarised. Next, it is applied to backscattering experiments from a (100) and a (110) plane. It is demonstrated that axes rotation is not always required to obtain the relevant relations. A simple experiment is performed to confirm the results. The theory underlying the calculations is given in detail, allowing researchers to apply it to their specific cases. Some basic equations are given in the Appendixes.
II. BASIC THEORY
Raman spectroscopy is a non-destructive optical technique. It measures the vibration frequency of molecular or lattice vibrations in gasses, fluids, or solids through the interaction of laser light, used as excitation source, with these 
where C is a constant and R j is the Raman tensor of phonon j. The Raman tensors of diamond-type (O h point group) or zinc-blende type (T d point group) semiconductors, and thus also silicon, are given in the Cartesian axes system (indicated by "c") by
This means that there are three active Raman peaks in silicon. For backscattering from a (001) surface of, for example, crystalline Si, only the longitudinal optical (LO) phonon (described by R c z ) can be observed, and this only when e in is perpendicular to e out . In order to obtain the relation between the Raman frequency and stress, it is important to define in which crystal system the experiments are performed and in which system one wants to calculate the relations. For some experiments, it might be easier to calculate them in a system where the axes are parallel to the main directions of the sample. In microelectronics, this is typically for orientations along h110i directions in the sample plane and a [100] out-of-plane direction. In the following, the Cartesian coordinate system ( Fig.  1 and Eq. (3)) is called the C-system:
The subscript or superscript "c" indicates components, vectors, axes, or tensors written in this system. If no sub-or superscript is given, the symbols are also given in the C-system. If there is no strain in the sample, all Raman peaks of Si have the same frequency, x 0 , which is in the range of 520.5-520.6 Rcm
À1
. In the presence of strain, the frequency changes. The frequencies, x, of the optical phonon modes in Si in the presence of strain, in terms linear in the strain, are given by the solution of the eigenvalues (k 1 , k 2 , and k 3 ) of the well-known secular equation (see Appendix A for details) 21 
This secular equation has in general three solutions for the eigenvalues (k 1 , k 2 , and k 3 ) and thus for the frequencies x i (i ¼ 1 to 3). The strain induced Raman frequency shift Dx i of each peak i is given by (Appendix A)
In order to find out which of the Raman tensors is visible and corresponds to which eigenvalue, the intensity of each of the three Raman tensors has to be calculated. In Ref. 14, this was done by calculating the new strain modified eigenvectors and Raman tensors. However, it is simpler to follow the procedure as outlined in Ref. 22 . Combining Eqs. (1) and (2), the total Raman intensity of Si can be written as
where f j c is the component of a vector f c that is defined in the C-system by 
where e in c is the polarization vector of the incident light and e out c the one of the scattered light, both given in the C-system 
The intensity of each of the three Raman peaks is then given by (neglecting the constant C)
Cartesian axis system (C-system) on a typical Si microelectronics chip that has edges oriented along h110i directions.
with d the Raman tensor constant. This can be used to determine whether a Raman peak is visible for a chosen polarization direction of incident and analyzed light. Many publications using Raman spectroscopy to measure stress in silicon devices assume uniaxial or biaxial stress in the plane of the devices (often this is a (100) plane). However, in many systems, the vertical stress component cannot be neglected. A typical example is a TSV filled with Cu. This Cu is under tensile stress and generates stress in the silicon surrounding it. Most simulations predict very low values of the shear stress components near a TSV compared to the axial components. [9] [10] [11] If shear stress components can be neglected, one can assume the three major stress components along the X, Y, and Z-axes to be non-zero near a TSV. This is a typical example of a triaxial stress assumption. For this reason, in the following, the theory is applied to calculate the relation between Raman frequency and stress for various crystal orientations and for a triaxial stress assumption. Uni-or biaxial stress situations can then easily be derived by assuming the relevant stress element to be zero.
;
For backscattering from the Si surface, that is, the laser light is incident along a [001] (Z c ) direction, only the x and y components of the polarization of the light will be non-zero. This means 
So, Eq. (7) becomes 
and only the 3rd peak, the LO peak, is visible (Eq. (9)), which gives the following relation between the shift of the Raman peak from its stress free value and the three stress components:
Assuming only uniaxial stress r 11 c along [100], this relation simplifies to
which is the well-known linear relation between the shift of the Si Raman peak from its stress free value and uniaxial stress. 19, 21 If one can assume uniaxial stress, one can directly obtain the value of this stress component from Raman spectroscopy data. This equation is very often used in literature to correlate Raman frequency shift and stress. For silicon, S 11 ¼ 7.68 Â 10 À12 Pa
; S 12 ¼ À2.14 Â 10 À12 Pa À1 ;
. The stress-free Raman frequency varies in literature between 519.5 and 521, which is mostly related to instrument calibration. Here, it is taken as x 0 ¼ 520.5 Rcm
. The values of p, q, and r also differ depending on the literature. As a result, a rather large scatter of numbers is found for Eq. (18) , as shown in Table I .
In Refs. 14 and 28, the data from Ref. 25 were used. Recent publications 27, 29 using high-numerical aperture (NA) polarized Raman spectroscopy on highly strained Si and SiGe gave similar values for p and q as the ones reported in Ref. 23 . In addition, the experiment shown in Fig. 2 Table I ) will be used because also values for the 3rd deformation potential (r) are given. However, some care has to be taken. The value of p, q, and r, for example, also depends on the doping level 25 and might be different at the surface than in the bulk. It is clear that, as mentioned in Ref. 32 
From this relation, it is clear that the vertical stress component indeed also affects the Raman frequency shift, although less than the in-plane stresses. This is of importance for the study of stresses imposed by TSVs in the surrounding Si. Because the Cu of a TSV in typically under tensile stress at room temperature, it induces tensile stress in the radial direction and compressive stress in the circumferential and axial direction (see Fig. 3 ).
Often uniaxial or biaxial stress in the Si surface, described by the Lam e equations, 36 is used in literature when calculating the stress around TSVs. 34, 35 The simplified Lam e equations assume that the circumferential stress is equal but opposite to the radial stress, that is, r , that is, the axial compressive stress, will dominate the Raman frequency shift measured near the TSVs. When using a longer wavelength of the probing laser, the axial stress can mostly not be neglected 11, 12, 37 and the assumption r c 33 ¼ 0 is not correct. This is confirmed by the experiment shown in Fig. 4 . 37 The Raman frequency shift in Si measured near two Cu-TSVs with the same diameter and processing history, but different length, is compared using a 633 nm probing laser (penetration depth in Si ffi 3 lm). According to the simplified Lam e equations, the TSV length should not affect the stress in the silicon. However, there is clearly a higher positive frequency shift measured in the Si near the longer TSV indicating that, as can be expected, the axial compressive stress increases with the TSV-length and dominates the measured Raman frequency shift.
Very close to the surface, depending on the processing conditions, the vertical stress component can in some cases be neglected, as shown by Ryu et al. 10 and Saettler et al.
11
The variation of this vertical stress component with depth highly depends on processing conditions, and the above discussed results clearly show that care has to be taken when assuming uniaxial or biaxial stress. In general, Eqs. (18) and (19) should be considered to study this kind of structures. Especially, since in backscattering directions, only one (LO) Raman peak can be detected, which depends on all stress tensor elements. One way to obtain additional information on stress in Si is using off-axes micro-Raman spectroscopy, as demonstrated in Ref. 38 . An easier option allowing measurements with higher spatial resolution is by using a large numerical aperture objective lens, as was mentioned in the discussion about the deformation potentials of Si. By using a high NA, also the polarization element e 3c in becomes non-zero and, as is shown by Eq. (7), also the normally forbidden TO components might become visible. Their relation with stress is given by the first two relations in Eq. (14) . Using this effect is called "polarized Raman spectroscopy or high-NA polarized Raman spectroscopy." This was, for example, used to study strained Si in different highly stressed samples 27,32,33,39-41 but also near TSVs, 13 assuming correctly triaxial stress and also demonstrating the presence of a nonzero vertical stress component.
B. Stress along [110], [2110], and [001] directions
Suppose one wants to calculate the effect of stresses along directions given in the crystal system by
as shown in Fig. 5 . This is a typical direction along which microelectronic components are most often oriented. These directions can also be taken as directions of a new coordinate system, which is defined as the sample system or S-system (suffix s)
One can take two different approaches to study the relation between Raman frequency shift and stresses in this system. Either (1) calculate the corresponding stress in the C-system and solve all in the C-system or (2) rotate the secular equation to the S-system and solve it there. They should give the same solution.
To solve the problem in the C-system, the tensor and vector elements have to be calculated in that system, and the secular equation (Eq. (4)) has to be solved. Triaxial stress is assumed, but now along the major axes of the sample system (S-system) as defined in 
To solve the secular equation (Eq. (4)), which is given in the C-system, the strain tensor elements have to be calculated in the C-system. This can be done by first calculating the stress tensor elements in the C-system and then applying Hooke's law to calculate the strain tensor elements. For this purpose, first the rotation matrix R cs from the C-system to the Ssystem is calculated (Eq. (B4)),
This gives
Using R cs gives for R r and R e (Eqs. (B8)-(B11)), 
Equations (B15) and (22) can then be used to calculate the stress in the C-system, 
The other components are zero. Hooke's law (Eq. (B3)) gives 
The secular equation (Eq. (4)) in the C-system then becomes
and results for the Raman frequency shift of the related Raman peaks in
To calculate the intensity of these Raman peaks, we first present a procedure that can be used in any coordinate system. We follow the approach from Ref. 22 . Choose the light polarization vectors in any system and rotate them to the crystallographic system (C-system). These vectors are then used to solve Eq. (7). Next, one has to determine the "eigenvector" system, that is, a system with axes defined by the eigenvectors of the secular equation. This E-system will be indicated in this paper with subscripts "e." If the secular equation is solved in the C-system, this will give components of the eigenvectors in that system. If the secular equation is solved in another system, for example, the S-system, this will give components of the eigenvectors in that system. One then has to calculate the components of the vector f (Eq. (7)) in the E-system from
where R ce is the rotation matrix from the C-system to the E-system. This can often be simply calculated using
where R se and R cs are rotation matrices from S to E system and from C to S system, respectively. Often, the E-system will be the same as the S-system, such that R se is a unit matrix. The intensities of the corresponding Raman peaks are then given by
In our calculations, the eigenvectors (Eq. (31)) are given in the C-system (the secular equation was calculated in that system) and coincide with the S-system axes, so the E-system is equal to the S-system and R ce ¼ R cs , which is given by Eq. (24). Equation (34) 
which shows that only the 3rd Raman peak (the LO-peak) is visible, as expected. This is only fully correct if the straininduced change of the Raman tensors can be neglected. The stress induced Raman shift of that Raman peak is then given by (3rd equation in Eq. (33))
which is similar to Eq. (17) . From this equation, the solution for uniaxial stress or biaxial stress can easily be derived by putting the relevant stress elements to zero. This shows that one cannot distinguish between a stress with magnitude "r" acting in the (100) plane along [100] or along [110] when measuring in backscattering configuration. If a configuration is chosen deviating from backscattering (e.g., using highnumerical aperture or off-axis Raman spectroscopy) and the TO peaks can be distinguished, and one can obtain more information about the stresses. In the previous calculations, all required elements were calculated in the C-system. Solving the problem in the S-system is sometimes easier. For that purpose, the strain tensor, the secular equation, and the stiffness matrix have to be calculated in the S-system. This can be done using the equations provided in Appendixes A and B. It gives the following results: 
where p 0 and q 0 are defined as
This is the same secular equation as was derived in Ref. 14, but there it was done using a different approach, that is, by rotating the Raman tensors. The eigenvalues and related Raman frequency shift are the same as calculated in the C-system. The eigenvectors coincide with the S-system as was the case in the previous calculations, but now they are given in the S-system. In the C-system, they are the same as the ones from Eq. (31). So, the same calculations for the intensity remain valid. These calculations can be done in any axes system. The obtained eigenvalues should be the same, and the eigenvectors are given in the system in which the calculations are done. The methodology is demonstrated in more detail in the next part for measurements on a (110) cross-sectional surface.
IV. MEASUREMENTS FROM THE CROSS-SECTIONAL (110) SURFACE
When performing experiments on the cross-section of a Si sample, the calculations can be done using the same C-system or S-system as used above, but one has to take into account that the incident laser light, when measuring in backscattering, is no longer incident along the Z s -direction, but along the ÀY s direction (Fig. 5) . It is often assumed that backscattering from a Z-direction is required in order to use Pollak's polarization selection rules, 42 and that as such always an axes system has to be chosen in which backscattering from a Z-direction can be assumed. However, this is not the case. For any scattering direction, the results can always be calculated using the procedure outlined in Eqs. (34)- (36) . To demonstrate this, the calculations for triaxial stress, as given by Eq. (22) , that is, along [110] , [ 110] , and [001] in the C-system, will be done both in the S-system from Fig. 5 and in a new axes system with backscattering from the Z-axis. This system will be referred to as the X-system ("X" from "cross"-section). All elements in this X-system are indicated with subscript or superscript "x."
A. Calculations in the S-system
Triaxial stress as given by Eq. (22) is still assumed. This means that the same relations between Raman frequency shift and stresses are still valid (Eq. (33)). In Sec. III B, the intensity of the Raman peaks was calculated from Eq. (36) for a backscattering condition from the (100) plane, along Z c ¼ Z s (Eq. (38) ). When one would use a configuration with backscattering from the cross-sectional plane formed by the X s and Z s axes, so, along the Y s axes, the same equation (Eq. (37)) can be used to calculate which of the Raman peaks from Eq. (33) would be visible and how it is affected by stress. But the correct polarization vectors, written in the C-system, should be used. The results for polarized and analyzed light along X s or Z s are given in Table II . The polarization vectors of incident and scattered light, given in the C-system, and the axes to which they are parallel, are indicated in the Table II. The first Raman peak can be observed for the perpendicular setting (?), where incident and analyzed light are polarized perpendicular to each other, whereas the third peak becomes visible when both are parallel (//) to the X s axes, that is, to the sample surface. The 2nd peak cannot be observed. The stress dependence of the two peaks that can be observed is given by the respective relations in Eqs. (33) 
This shows that for backscattering from a Z-direction, as is commonly used, axis rotation to a new axes system is not necessary for the calculations. To show the validity of this approach, in the next part, the calculations will be done in a new axis system with light incident along the Z-axes, as is traditionally done. These calculations should give the same results.
B. Calculations in the X-system
The new sample axis system is chosen as shown in Fig. 6 . In the C-system, this is along directions
In the X-system, this becomes
In this system, when performing Raman measurements in backscattering from the cross-section, the light is incident and scattered along the Z x -axis, as is traditionally done. The calculations can be performed by rotating vectors, matrices, and tensors from the C-system to the X-system or by rotating from the S-system to the X-system. Both approaches give the same result. Because it is more general, the first approach is followed. The rotation matrix from the C-system to this X-system is given by (Eq. (B4)),
The matrices relating stress and strain are calculated from Eqs. (B8)-(B10), 
The stiffness tensor becomes (Eq. (B19)), Fig. 5 ). e in c and e out c are the polarization of incident and scattered light, respectively, in the crystal system. The sample-system axis to which they are parallel is indicated. Also, the relative orientation of incident and scattered polarization is indicated (// ¼ parallel, ? ¼ perpendicular). 
and rotating the K (e) tensor (Eq. (A6)) to this system (Eq. (B19) or (B20)) gives 
Actually, K (e) has the same shape as S s but without the factors that were used for the conversion using Voigt notation. The secular matrix in the X-system then becomes 
Triaxial stress in the sample system is still assumed (Eq. (22)). The corresponding stresses in the X-system can be calculated from Eqs. (B8) and (48), 
which also using Eq. (27) gives
To solve the secular equation in the X-system, the corresponding strain in that system has to be calculated. This can be obtained from Hooke's law applied in the X-system, so using S x (Eq. (49)). This results in 
From which the eigenvalues and related eigenvectors can be directly obtained
The corresponding Raman frequency shift is given by
These are the same eigenvalues as found when doing the calculations in the crystal system or in the sample system, but the 2nd and 3rd ones are switched. The reason is that also the eigenvectors they are related to are different. To check if the same conclusions as given in Table II hold, the corresponding f vector is calculated. As the eigenvectors fall together with the X-sample system, R xe is a unit matrix and so Table III gives the results, assuming light parallel to the sample surface or perpendicular. As always, the light polarization vectors as given in the C-system should be used in Eq. (59). The results shown in Table III indicate that peaks 1 and 2 can be observed, corresponding with 
The 1st Raman peak can be observed for the perpendicular setting, and the 2nd Raman peak for the parallel. This is exactly the same result as obtained in the S-system calculations, as expected, but required much more calculations.
Using the numbers from Ref. 23 (Table I) , Eq. (60) gives the following results for measurements on the (110)-cross-sectional surface of Si.
For a polarizer parallel or perpendicular to the sample surface and the analyzer perpendicular to the polarizer, the relation is given by If both polarizer and analyzer are perpendicular to the surface, no signal is observed. This shows that for triaxial stress, there are two different relations with three unknowns. In cross-sectional experiments, when using a probing laser with short penetration depth, it can sometime be assumed that the out of plane component (r 22 s in our S-system) is zero due to stress relaxation at the surface. This then allows to solve for the two other components.
C. Experimental verification
To verify whether the calculations are correct, a simple experiment was performed. A rectangular piece of a 50 lm thinned Si wafer is glued to a large round tube and polished to give a clean cross-section (Fig. 7) . Two samples are made using tubes with a different diameter, 80 and 85 mm. Due to flexibility of the tubes, the cutting, and relaxation of the glue, the exact final bending radius of the samples is different than the tube curvature and varies from place to place. Optical measurements indicate variations between 33 and 48 mm for the 80 mm diameter tube and between 45 and 85 mm for the 85 mm tube.
Raman spectroscopy data were measured during a scan along the cross section of the Si sample, along its thickness, from its surface near the tube to its top surface, as indicated in Fig. 7 . In such an experiment, Si is expected to be compressive close to the tube and tensile at its surface. The same S-system as was defined in Fig. 5 is used. The polarization of the incident laser light is parallel to the X S -axis. So, it is parallel to the top surface of the sample. The analyzer is placed in the path of the scattered light either parallel to the polarization of the incident light (//) or perpendicular (?) to the polarization of the incident light. Fig. 8 shows the results of the measured Raman frequency shifts in function of the position on the cross-section.
In an ideal symmetrical bended beam, only the stress component along the X S -axis is non-zero, so only r s 11 . In this case, Eqs. (61) and (62) And the ratio between them is
From beam theory, r 
Because the exact radius R at the measurement position is not known, it is first concluded that there should be a linear relation between stress and the position along the cross-section. This is indeed the case as shown in Fig. 8 . The slope of this relation, as fitted on the experiments, is listed in Table IV . It is smaller for the larger radius sample, as expected from beam theory. From the slope, using Eqs. (63) and (65), the radius of the sample at the measurement position can be calculated. This is for the 80 lm tube, 46.2 mm for the perpendicular measurement and 46.3 mm for parallel direction, and for the 85 mm tube, 50 and 48 mm, respectively. In both cases, the calculated radius is larger than the tube radius, which is possible because of the presence and relaxation of the glue and was confirmed by the optical measurements. More important, according to Eq. (63), the slope measured in the perpendicular set-up should be larger than the slope measured in the parallel set-up. This is indeed the case as can be seen in Table IV . The measured ratio between the slopes is also given in Table IV . It should be the same as the ratio given in Eq. (64). The obtained values indeed come very close to the theoretically predicted value.
V. CONCLUSIONS
In this paper, the methodology to calculate the Raman frequency shift due to mechanical stress is presented in (I 1 , I 2 , I 3 ) for backscattering on the cross-sectional surface formed by X s and Z s , incident and scattered light along Z x (see Fig. 6 ). e in c and e out c are the polarization of incident and scattered light, respectively, in the crystal system. The sample-system axis to which they are parallel is indicated. Also, the relative orientation of incident and scattered polarization is indicated (// ¼ parallel, ? ¼ perpendicular). detail. The calculations were derived for triaxial stress situations, which become increasingly relevant for different issues encountered in 3D technology, such as stress near TSVs but also near solder bumps, due to thinned Si chip deformation, etc. The results for uniaxial or biaxial stress can easily be deduced. It is shown that the relations can be obtained by following different approaches, that is, calculating them in the crystallographic axis system, or in any chosen sample system. In whatever crystal system the calculations are done for a given set of stress or strain tensor elements, the same three eigenvalues are obtained. But their order might differ depending on the axes system in which the calculations are done. The easiest way to calculate which peak is visible and is related to which relation is obtained by calculating the f vector.
The results show that the out-of-plane stress component does influence the Raman frequency, and although its effect is smaller than the one of the in-plane stresses, it cannot be neglected. This is especially important for cases where the inplane components have an opposite sign, such as in the Si near TSVs. The relations are also deduced for measurements in backscattering from a (110) plane, in which case two different Raman peaks can be observed, which depend differently on the stresses. A simple experiment confirms the results.
Although many of these results were already partly used in literature, they were not discussed in such detail. The elaborated calculations presented in this paper intend to help researchers of Raman spectroscopy to understand in-depth how these relations are obtained, to calculate them for any system which is relevant for their application, and to select the correct settings and the correct equations.
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APPENDIX A: SECULAR EQUATION
The frequencies, x, of the optical phonon modes in the presence of strain, in terms linear in the strain, are given by the solution of Ref. 24 ,
where g a are the Cartesian coordinates of eigenvectors and K ab are elements of the force constant tensor. For the C-system, the eigenvectors are along X c , Y c , and Z c , so this can be written as K ab can be expanded in powers of the strain
where e t are elements of the strain tensor e and d ab is the Kronecker delta. This can be written in tensor notation as 
For Si the symmetrical tensor, K (e) has only three independent elements, 
This secular equation has in general three solutions for the eigenvalues (k 1 , k 2 , and k 3 ) and thus for the frequency x (x i , i ¼ 1 to 3). In most situations, the stress induced Raman frequency shift, Dx i ¼ x i -x 0 , is much smaller than x 0 , and x i þ x 0 can be assumed to be equal to 2x 0 . The strain induced Raman frequency shift (Dx i ) of each peak i can then be calculated as
APPENDIX B: HOOKE'S LAW AND STRESS-STRAIN TENSOR ROTATION
For a material with cubic symmetry, with anisotropy, such as silicon, the relation between stress and strain, expressed in the CÀsystem, is given by Hooke's law,
where e c is the strain tensor, r c the stress tensor, and S c the stiffness tensor of silicon, expressed in the Cartesian coordinate system [100], [010], and [001]. In general, the stiffness tensor S c is a 4th rank tensor with elements S ijkl (i, j, k, l ¼ 1 to 3). Using Voigt notation for mapping of the tensor indices, 43 this can be rewritten as a 2nd rank tensor S ab , where ij or kl are mapped as a or b, respectively, in the following way: 11 ! 1, 22 ! 2, 33 ! 3, 23 or 32 ! 4, 13 or 31 ! 6, and 12 or 21 ! 6. So, the tensor elements can be rewritten as elements with two suffixes, S mn , where factors of 2 and 4 are introduced as follows: 43 S ijkl ¼ S mn when m and n are 1, 2, or 3 2S ijkl ¼ S mn when either m or n is 4, 5, or 6 4S ijkl ¼ S mn when both m and n are 4, 5, or 6.
For silicon (zinc-blende lattice), the stiffness tensor then becomes 
The factor 2 in the 3 last components of the strain vector can also be accounted for in the S tensor (S 44 becomes then S 44 /2), but we opt to put it into the strain vector for simplicity. The rotation matrix R cs (matrix elements R ij ) from crystal system to sample system is calculated from 
where A cs is the inverse of R cs . To obtain strain, stress, and the secular equation in a different axis system, tensor rotation is required. The transformation of a second order Cartesian tensor T from the C to the S system is given by 
The relation between stress or strain in the crystal system and in another (sample) system can then simply be written as 
From which follows (Eq. (B17)):
The stiffness matrix S c can also be obtained by tensor rotation similar to a 4th degree tensor T, 
But in general, Eq. (B19) is much easier to calculate. In Eq. (B19), when using the Voigt notation, the factors 2 and 4 should be taken into account. This is not the case when rotating the secular equation into a new axes system.
